The Hedgehog (Hh) pathway, an evolutionarily conserved key regulator of embryonic patterning and tissue homeostasis, controls its target genes by orchestrating the processing and function of the DNA-binding Gli transcription factors (reviewed in Hooper and Scott, 2005; Huangfu and Anderson, 2006; Lum and Beachy, 2004; Varjosalo and Taipale, 2007) . The aberrant control of Gli proteins via dysfunctional Hh signal regulation causes various pathological conditions, comprising developmental defects, such as cyclopia, and a growing number of different tumor types (reviewed in Mullor et al., 2002; Pasca di Magliano and Hebrok, 2003; Ruiz i Altaba et al., 2002; Taipale and Beachy, 2001) . Although a basic molecular framework has been defined, many aspects of Hh signaling, including the details of nuclear Gli function, remain enigmatic.
Introduction
The Hedgehog (Hh) pathway, an evolutionarily conserved key regulator of embryonic patterning and tissue homeostasis, controls its target genes by orchestrating the processing and function of the DNA-binding Gli transcription factors (reviewed in Hooper and Scott, 2005; Huangfu and Anderson, 2006; Lum and Beachy, 2004; Varjosalo and Taipale, 2007) . The aberrant control of Gli proteins via dysfunctional Hh signal regulation causes various pathological conditions, comprising developmental defects, such as cyclopia, and a growing number of different tumor types (reviewed in Mullor et al., 2002;  Pasca di Magliano and Hebrok, 2003; Ruiz i Altaba et al., 2002; Taipale and Beachy, 2001) . Although a basic molecular framework has been defined, many aspects of Hh signaling, including the details of nuclear Gli function, remain enigmatic.
Members of the Gli family have a common domain architecture that reflects their dual role as transcriptional repressors and activators of Hh target genes. They contain an N-terminal part necessary for transcriptional repression, followed by a zinc finger DNA-binding domain, and an extended C-terminal region with transactivation potential (Ruppert et al., 1990; Aza-Blanc et al., 1997; Chen et al., 1999; Kalff-Suske et al., 1999 ; reviewed in Lum and Beachy, 2004 Gli proteins undergo complex processing before and after reception of an Hh signal. Cubitus interruptus (Ci), the single Drosophila Gli, is found in a cytoplasmic complex together with the putative kinase Fused, Suppressor of Fused (Su(fu)), and the scaffolding protein Cos-2 (Aza-Blanc and Kornberg, 1999; reviewed in Hooper and Scott, 2005; Kalderon, 2002) . In the pathway off-state, this complex prepares Ci for phosphorylation by CK1, GSK-3b, and PKA, subsequently leading to b-TrCP-mediated ubiquitinylation and partial 26S proteasome-mediated degradation (Aza-Blanc et al., 1997; Methot and Basler, 1999; Smelkinson and Kalderon, 2006) . This gives rise to a truncated N-terminal form, Ci 75 , which retains the DNA-binding domain and elements required for nuclear localization and transcriptional repression. In the nucleus, Ci 75 recognizes its DNA binding sites and silences Hh target genes in an only incompletely elucidated fashion. This may be achieved either by Ci 75 competing with activators for binding to DNA, or by interactions of the Ci N-terminus with co-repressor proteins which remodel the surrounding chromatin structure into a transcription-repressing conformation (Chen et al., 1999; Ohlmeyer and Kalderon, 1998) . In the on state, Hh binding to the transmembrane protein Patched (Ptc) relieves the inhibition of Smoothened (Smo), interrupting the cytoplasmic processing of Ci and the full length form, Ci 155 , accumulates (reviewed in Hooper and Scott, 2005; Kalderon, 2005) . Once translocated to the nucleus, Ci 155 acts as a transcriptional activator and competes off Ci 75 , whose levels may further drop due to protein turnover.
In the developing Drosophila wing primordium, Hh is expressed in the posterior (P) compartment and acts as a major regulator of growth and pattern formation by controlling Ci, expression of which is restricted to the anterior (A) compartment (reviewed in Hooper and Scott, 2005) . Hh controls the expression of its target genes in a concentration-dependent manner by affecting the ratio of Ci 75 and Ci 155 as outlined above. Increases in Ci 155 result in transcriptional de-repression and activation of Ci targets in the A-compartment, which subsequently orchestrates the patterning and growth of the whole organ.
Simple replacement of the Ci 75 repressor by Ci 155 , combined with its intrinsic transcription activation capacity, is however not sufficient to trigger the complete contingent of pathway effects, suggesting additional levels of regulation of Ci 155 besides stabilization (Chen et al., 1999; Ohlmeyer and Kalderon, 1998; reviewed in Ingham and McMahon, 2001) . Supporting this notion, Su(fu) has been proposed to act under sub-saturating Hh input as an inhibitor by binding the Ci 155 N-terminus and removing it from the nucleus, thereby attenuating its transcriptional potency (Methot and Basler, 2000; Ohlmeyer and Kalderon, 1998; Smelkinson et al., 2007;  reviewed in Ingham and McMahon, 2001) . Fu blocks the inhibitory action of Su(fu) on Ci 155 , enabling the maximal transcriptional output (reviewed in Ingham and McMahon, 2001 ). In the nucleus, Su(fu) bound to Ci 75 and Ci 155 may additionally inhibit target gene expression by recruiting SAP18, a component of the SMRT/Sin3 histone deacetylase (HDAC) co-repressor complex (Cheng and Bishop, 2002; Paces-Fessy et al., 2004) .
Taken together, all these findings suggest the existence of three states of nuclear Ci activity: (1) Ci 75 functioning as competitive or active repressor in the default off-state; (2) attenuated Ci 155 bound by Su(fu) upon low to medium levels of Hh signal; and (3) fully liberated forms of Ci 155 in response to high Hh signal levels (reviewed in Hooper and Scott, 2005; Ingham and McMahon, 2001) . A more detailed knowledge of the individual co-factors recruited by Ci in each state would however further enhance our understanding of what happens at the core of Hh signaling.
In mammals, the dual role of Ci in Drosophila is carried out by the complex interplay of three different Gli family members (reviewed in Huangfu and Anderson, 2006; Ingham and McMahon, 2001 ). The three Glis possess distinct transcriptional control properties: in various developmental contexts, Gli2 and Gli3 act in a dual role as activators or cleaved repressors, similar to Ci, although Gli3 only displays limited activating potential and mainly antagonizes Shh activity in a broad range of tissues (reviewed in Hooper and Scott, 2005; Riobo and Manning, 2007; Varjosalo and Taipale, 2007) . Gli1, in contrast, is only expressed upon Hh signaling and acts solely as an activator with high turnover, thus representing a positive feedback component (Bai et al., 2002; Lee et al., 1997) . Despite differences in the transactivation domains (Dai et al., 1999) , all Glis share conserved stretches of sequence similarity in their N-and C-termini (Kalff-Suske et al., 1999; Ruppert et al., 1990) which indicates that they could recruit the same complement of auxiliary transcription components.
Particularly little is known about the nuclear helpers the Gli/Ci proteins enroll and how they mechanistically control Hh target genes. Gli3 and Ci have been shown to interact with CBP (Akimaru et al., 1997; Dai et al., 1999) , which has intrinsic and associated HAT activities involved in transcription control. CBP binds a region with strong autonomous transactivation properties in the C-terminal activation domain of Gli3 and Ci (Dai et al., 1999; Kalff-Suske et al., 1999; Sasaki et al., 1999) . In Gli3, an overlapping domain binds the Mediator complex component Med12 which acts synergistically with CBP function (Zhou et al., 2006) , supporting the finding that Drosophila Mediator components are involved in the control of a subset of Ci target genes (Janody et al., 2003) . Additionally, the C-terminal Gli/Ci domain contains a functionally important motif resembling a consensus binding element for the TATA-box recognition component TAF II 31 (Yoon et al., 1998) . However, it remains uncertain if all these factors are involved in transcription of all Gli/Ci target genes and how these binding partners functionally cooperate. One possibility is that during development, Ci/Gli assembles different cohorts of co-factors dependent on the respective target gene context. The identification of additional nuclear interactors of Gli/Ci is thus necessary to improve our understanding of Hh target gene control. Importantly, this knowledge could be harnessed to therapeutically interfere with aberrantly triggered Hh signaling activity by blocking key protein-protein interactions required for Gli-mediated target gene control.
Here, we provide evidence for the involvement of Parafibromin/Hyrax (Hyx) as a positive component in Hh signaling. Parafibromin/Hyx is a component of the PAF1 complex. This complex is associated with transcriptional initiation and elongation by RNAPII and appears to coordinate different histone modification complexes during these processes (reviewed in Hampsey and Reinberg, 2003; Sims et al., 2004) .
We found that a reduction of Hyx function decreased Hh signaling activity in vitro and, in vivo selectively decreased the expression of the high-threshold Hh target gene knot/collier (kn/col). hyx overexpression counteracted the inhibitory activity of ptc and ci 75 misexpression during Drosophila wing development. Furthermore, RNAi-mediated knockdown of Parafibromin decreased the transcriptional activity of Gli1 and Gli2 in human cell culture, indicating the function in Hh signaling is evolutionarily conserved. We subsequently found that Parafibromin can form a complex with each of the three Glis, and provide evidence that Parafibromin/Hyx directly binds Region 1, the Su(fu) interaction domain, which is found in the N-terminus of all Glis and Ci. Taken together, our results suggest the involvement of the PAF1 complex during high levels of Hh signaling via Parafibromin/Hyx-mediated recruitment to Gli/Ci.
Results

hyx RNAi decreases the readout of a Drosophila S2-cell Hh signaling reporter
The Hh and the Wnt/Wingless cascade share a growing number of components (reviewed in Kalderon, 2002) . While testing RNAi against different Wnt signaling components for a potential role in the Hh pathway, we found a strong decrease in Hh signaling activity following RNAi against hyx, as measured by a stably transfected Dual-Luciferase reporter assay (Fig. 1A , see Section 4 for details). In contrast, hyx RNAi affected neither Luciferase reporters used to monitor Dpp and Notch signaling inputs, nor general cell viability (Adelman et al., 2006; Mosimann et al., 2006) . Similar to knockdown of ci, RNAi against hyx also decreased Hh pathway activity when it was stimulated by knockdown of the negative pathway regulator cos2 (Fig. 1B) . These observations provided us with a first indication that Hyx can act as a positive component in Hh signaling.
2.2.
Parafibromin is involved in Gli1-and Gli2-mediated transactivation Extrapolating from our findings in Drosophila cells, we anticipated the Hyx ortholog Parafibromin, which is encoded by the HRPT2 locus (Carpten et al., 2002) , plays a positive role in vertebrate Hh signaling and performed Luciferase reporter assays to examine this possibility. HEK293T cells were transfected with pGLI-Luc, a reporter in which firefly Luciferase expression is driven by tandem Gli consensus binding sites (Taipale et al., 2000) . This reporter is generally silent in HEK293T cells due to a lack of significant endogenous Hh signaling (Cheng and Bishop, 2002) (Fig. 2A) . pGLI-Luc was, however, when compared to relative levels of constitutive CMVdriven Renilla Luciferase, strongly induced by co-transfection of Gli1 and Gli2 and thus provides a simple readout for the transcription activator activities of Gli1 and Gli2 ( Fig. 2A) . The relative strength of the activity of Gli1 and Gli2, as well as the lack of an effect from Gli3, is in agreement with previously published findings about the transcriptional potency of the different Gli proteins (Sasaki et al., 1999) .
We used the pGLI-Luc reporter to assess the impact of small interfering RNA (siRNA)-mediated Parafibromin depletion. Consistent with the results in Drosophila, knockdown of HRPT2 with two independent siRNAs significantly decreased the pGLI-Luc response (Fig. 2B ). In contrast, co-transfection of various control siRNAs had no major impact on Gli1 activity (Fig. 2B ). We observed the same effect when we activated the reporter using Gli2 (Fig. 2C ). These results indicate that the activities of Gli1 and Gli2 depend on Parafibromin in human cells, suggestive of PAF1 complex recruitment during Hh target gene control. Relative Luciferase activity is the ratio between the Hh-inducible ptc promoter fragment-driven Firefly and constitutively expressed Renilla Luciferase levels. For the induced readout, HhN production was triggered by adding CuSO 4 to the medium (see Section 4 for details). RNAi against GFP or mock treatment serves as control baseline. Each experiment was performed in triplicate, and the error bars represent standard deviations. (A) RNAi against different Hh signaling components in S2 cells affects the signaling output. Note that cos2 knockdown increases the signal even without induction of Hh. hyx RNAi decreases the signaling output, as does ci knockdown, suggesting a positive role of Hyx in Hh signaling. (B) cos2 RNAi constitutively activates the pathway, an activity that can be blocked by RNAi against its downstream effector ci, but not upstream-acting smo. hyx knockdown by RNAi also decreases the signal, suggestive of a role downstream of cos2.
hyx impairment in vivo affects expression of the highthreshold Hh target gene kn
To test the significance of Hyx as a putative positive component of the Hh cascade, we analyzed the effect of hyx impairment on Hh target gene expression. By FLP-mediated mitotic recombination, we generated somatic cell clones homozygous for the hypomorphic allele hyx EY6898 (Mosimann et al., 2006) . In such clones, we monitored the expression of various Hh target genes: decapentaplegic (dpp), ptc, engrailed (en), and knot (kn). We analyzed dpp expression via a corresponding lacZ reporter insertion (dpp-lacZ). As reported previously (Mosimann et al., 2006) , dpp-lacZ was normally expressed in hyx EY6898 clones located at the A/P boundary ( Fig. 3A-C) , indicating that reduced Hyx function does not significantly affect Hh-dependent dpp up-regulation. Additionally, Hyx also does not participate in dpp repression, as dpp was still efficiently repressed in hyx EY6898 clones located outside of the A/P boundary region ( Fig. 3A-C) . Taken together, our results suggest that hyx is neither significantly involved in Ci 75 -mediated repression of dpp, nor in its transcriptional expression. In our cell culture assays, the Dual-Luciferase readout is principally dependent on the transcriptional activation activity of Ci/Gli. Hh reception triggers dpp expression by relieving Ci 75 -mediated repression, while Ci 155 only slightly enhances the expression Relative Luciferase activity is calculated by the ratio of Gli consensus binding site-driven Firefly (pGLI-Luc) and constitutive Renilla Luciferase. Experiments were performed as triplicates and error bars depict standard deviations. (A) CMV promoterdriven expression of hGli1 and mGli2 induces the Luciferase reporter, as compared to the basal activity upon GFP expression, while Gli3 has no activity and potentially acts as a repressor due to the absence of Shh stimulation. (B) Two independent siRNAs against HRPT2 (1 and 2) reduce the activity of Gli1 as compared to the unrelated controls hPYGO2 and hPORC. The mock transfection with empty plasmid provides a relative value for the basal reporter activity. (C) mGli2 is also affected by Parafibromin reduction. Note that mGli2 is a less potent activator under the experimental conditions and causes more noise in the readout. Hepker et al., 1999; Methot and Basler, 1999) . For these reasons, the lack of an effect on dpp expression is not entirely unexpected.
Whereas dpp shows activity upon low concentrations of Hh, induction of the target gene ptc requires intermediate to high concentrations of Hh, as expression of ptc requires not only loss of Ci 75 but also the positive action of Ci 155 (Alexandre et al., 1996; Vervoort et al., 1999; reviewed in Hooper and Scott, 2005) . ptc expression, assessed by ptc-lacZ (data not shown) and Ptc protein levels, was also not significantly altered in hyx EY6898 clones (Fig. 3D-F ). To create a stronger hyx loss of function situation, we generated clones of cells carrying the strong hyx 2 allele in a Minute background. Also in this setup, no effect on ptc expression was seen (data not shown). Taken together, these results indicate that, in vivo, Hyx does also not significantly participate in ptc expression. Initially, en is expressed exclusively in the P-compartment of the developing wing imaginal disc. In late stages of development however, anterior cells abutting the A/P boundary start transcribing en due to Hh transduction in a Ci 155 -dependent manner (Blair, 1992; Methot and Basler, 1999) . En was however also still detectable by immunofluorescence in boundary-proximal hyx EY6898 clones (Fig. 3G-I ).
Lastly, expression of knot (kn, also known as collier (col)) is induced by highest Hh input in the developing wing pouch and is reported to be directly controlled by Ci 155 (Vervoort et al., 1999; reviewed in Hooper and Scott, 2005) . Although the strength of the effect was variable, hyx
EY6898
-homozygous cells showed a clear cell-autonomous reduction of Kn protein levels independent of their position along the kn expression domain, as monitored by antibody staining (Fig. 3J-O) . This result indicates that Ci 155 requires appropriate Hyx levels for proper transcription of the Hh high-level target kn.
Based on the above results, we therefore conclude that Ci 155 requires Hyx either only for context-dependent maximal transcriptional activity, or for specific target genes, such as kn. A similar observation has been previously reported for the Mediator complex subunits Skuld (Skd) and Kohtalo (Kto) (Janody et al., 2003) . These factors are also not required for ptc and dpp transcription; however, in contrast to hyx, implicated in the control of cell affinity genes by Ci 155 . Loss of compartment-specific cell affinity and resulting border-crossing behavior of clones is a hallmark of losing positive core Hh pathway components (Rodriguez and Basler, 1997; reviewed in Hooper and Scott, 2005; Dahmann and Basler, 2000) . We conversely did not observe any hyx EY6898 clones that crossed the A-/P-compartment boundary (data not shown), which is consistent with the above conclusion that Hyx is required only for a restricted subset of Hh target genes.
Overexpression of hyx can counteract impaired Hh signaling in the wing pouch
To further examine the idea that Hyx plays a role in the Hh pathway, we analyzed the effect of hyx overexpression in backgrounds sensitized for Hh signaling. Overexpression of the Hh receptor Ptc by salE-Gal4 (salE>ptc) in the developing wing blade severely decreases Hh signaling in this region due to the inhibitory action of Ptc (Johnson et al., 1995 (Johnson et al., , 2000 Lu et al., 2006) . The result is a reduction of the intervein area between L2 and L5 ( Fig. 4A and B) . Co-overexpression of hyx in this background, either by UAS-hyx or the EP-element insertion EP-hyx, led to a partial reconstitution of intervein space, patterning, and overall wing growth ( Fig. 4C and D) . Various unrelated control EP-elements and a UAS-GFP NLS transgene showed no effect (data not shown). Further confirming the specificity of the effect was the lack of reversion activity by hyx 1 and hyx 2 : these hyx mutant chromosomes still contain the original EP-hyx transposon ( Fig. 4E and F) . Taken together, hyx overexpression is able to partially restore Hh signaling that is inhibited by excess Ptc. We can exclude an influence of Hyx on the UAS/Gal4 system, since Hyx overexpression does not affect a range of other, independent Gal4-mediated phenotypes (data not shown).
As a next step, we expressed a UAS transgene encoding Ci 75 , UAS-ci 75 , with the pan-wing disc driver C765-Gal4 (C765>ci 75 ). This caused extensive A-compartment ablation and a severe reduction of the posterior wing blade area (Fig. 5D) . Although the phenotype is not affected by various controls, such as UAS-GFP NLS (Fig. 5E and data not shown), overexpressing hyx ). This phenotype is partially reverted by co-expression of hyx either using a strong EP-element insertion (EP-hyx, C), or a direct UAS-hyx construct (D). hyx co-overexpression ameliorates growth and patterning particularly in the L3-L4 area (arrowheads). As controls, crossing two strong loss of function alleles of EP-hyx with nonsense mutations in the hyx coding sequence (hyx 1 and hyx 2 ) has no effect on the phenotype (E and F).
(either with the UAS-hyx or EP-hyx) in the C765>ci 75 background led to a striking, albeit incomplete, reversion to wild-type wing morphology (Fig. 5F ). The wings recovered from such crosses often developed extra vein material anterior to L2, and cross vein 1 was never fully restored. hyx was similarly potent when UAS-ci 75 and UAS-hyx were controlled by the stronger nub-Gal4 driver (nub>ci 75 ) ( Fig. 5G and H) . The same results were obtained using a UAS-HRPT2 transgene (Fig. 5I) , indicating that the responsible molecular property is conserved in the human Hyx homolog Parafibromin. The phenotype reversion caused by co-overexpression of Hyx with Ci 75 supports our hypothesis that Hyx is a positively-acting, auxiliary factor for Ci. The reversion could be achieved in several ways: (a) by enhancing endogenous Ci 155 activity which subsequently overcomes the repressive and competitive effect of Ci 75 ; (b) by directly interfering with Ci 75 -mediated repression; or (c) by turning Ci 75 into a transcriptional activator.
It is unlikely that Hyx overexpression boosts Ci 155 activity, since hyx shows no phenotype when overexpressed in a wildtype background with any of the strong wing disc drivers salEGal4, C765-Gal4, or nub-Gal4 (data not shown). The lack of an effect in a wild-type background also indicates that endogenously present Ci 75 is not turned into an activator by ectopic Hyx. However, to further test if Hyx overexpression boosts Ci 155 activity, we checked whether Hyx overexpression could potentiate the phenotype caused by overexpressing an activating form of Ci. C765-Gal4-mediated overexpression of UAS-ci PKA , a form of Ci that is constitutively active due to resistance to PKA phosphorylation (Jiang and Struhl, 1995; Li et al., 1995; Methot and Basler, 1999) , distorted patterning and slightly enhanced growth in the P-compartment; the A-compartment showed only mild patterning defects ( Fig. 5A and B) . When overexpressed in this background, hyx had no obvious effect on the phenotype (Fig. 5C ).
Taken together, our results do not support the notion that ectopic Hyx enhances endogenous Ci 155 or turns Ci 75 into a transcriptional activator. Our results are however consistent with the idea that Hyx overexpression counters the presence of excess Ci 75 by directly interfering with Ci 75 -mediated repression. A simple way in which Hyx, as a positive pathway component, could interfere is by physically interacting with Ci.
2.5.
The N-terminus of Parafibromin/Hyx binds the conserved Region 1 of Gli/Ci
To test for a direct physical association between the two factors, we asked if Hyx and Ci interact in a Glutathione-S Transferase tag (GST) pulldown assay. Intriguingly, a fragment comprising the N-terminal region of Ci, corresponding to Ci 75 (Fig. 6A) , was fully sufficient to interact with GST-Hyx (Fig. 6C) . This is consistent with, and provided a molecular basis for, our interpretation that overexpressed Hyx interferes with excess Ci 75 by binding to it.
To test the possibility that the interaction is evolutionarily conserved, we expressed N-terminally Haemagglutinin (HA) strongly counter-acts Ci 75 action, but does not completely reverse the phenotype to wild type around the presumptive cross vein 1 (asterisks) and L2 (arrowhead). This effect is also apparent when using the stronger nubbin-Gal4 (nub>ci 75 ; G and H). Human Parafibromin, when expressed from a UAS-HRPT2 construct, has similar reversion potency as Hyx (I).
epitope-tagged hGli1 (HA-hGLI1) in human embryonic kidney (HEK) 293T cells and performed an immunoprecipitation for endogenous Parafibromin. Gli1 co-precipitated with a Parafibromin antibody, but not a control antibody (Fig. 6B) , indicating the existence of a Gli1-Parafibromin complex. Parafibromin also co-precipitated with transfected mouse Gli2, as well as with human Gli3 (Fig. 6B ) (note that human and mouse Parafibromin are 100% identical). Our results reveal that the ability to form a complex with Parafibromin, and thus possibly with the PAF1 complex, is a feature common to all Gli proteins. To confirm that the Parafibromin-Gli interaction was also direct, we performed further in vitro GST pulldown experiments. Consistent with direct binding, a GST-Parafibromin affinity matrix, but not GST-GFP and GST-only controls, efficiently retained in vitro produced hGli1 (Fig. 6D and G) . We also observed a specific interaction with hGli3 (Fig. 6E) .
Based on the above interaction data, we reasoned that an N-terminal Parafibromin interaction site is conserved in all Gli proteins. Alignment analysis and DNA tethering experiments have previously revealed such a conserved stretch of amino acids termed Region 1 (Fig. 6A) (Kalff-Suske et al., 1999; Ruppert et al., 1990; Sasaki et al., 1999) . We speculated that Region 1 could be the Parafibromin recruitment site and tested binding of an in vitro produced Gli3
Region1 peptide (containing amino acids 279-348) to GST-Parafibromin. This fragment was fully sufficient for binding (Fig. 6F) . Reciprocally, in order to identify the minimal interaction domain for Glis in Parafibromin, we used various GST-coupled protein truncations and tested their potency to bind hGli1 and hGli3. From these experiments, we concluded that the Parafibromin region between amino acids 200-343 contains the interaction surface necessary to bind Gli proteins (Fig. 6E-G) . This region also harbors the b-Catenin Interaction Domain (CID) (Mosimann et al., 2006) , which has additionally been found to bind the SV40 large T antigen (LT) (Iwata et al., 2007) . In contrast to b-catenin, hGli1 did not bind to the isolated CID as strongly as it did to larger fragments (Fig. 6G) , suggesting that the adjacent N-terminal stretch potentially harbors additional structurally important motifs. Nonetheless, a minimal Gli interaction surface in Parafibromin overlaps with or is even identical to the b-catenin and LTbinding CID.
In summary, we found that Gli/Ci physically interacts with the N-terminus Parafibromin/Hyx via the highly conserved Region 1 in Gli/Ci (Fig. 6H) . Moreover, the Gli proteins, b-catenin, LT, and potentially other transcription factors, appear to use a common docking site on Parafibromin, possibly to recruit the PAF1 complex.
Discussion
During development and tissue renewal, Hh signaling converges on the Gli family zinc finger transcription factors to control transcription of its target genes. Drosophila Ci, as well as vertebrate Gli2 and Gli3, have dual functions in repression and activation of these targets, while Gli1 acts exclusively as activator. However, our current understanding of the regulation of Hh target genes is hampered by the short list of known Gli/Ci auxiliary factors that are recruited to help direct chromatin remodeling and control RNAPII. Here, we report the discovery of the PAF1 complex component Parafibromin/ Hyx as a novel Gli/Ci binding partner and provide evidence that it is required for expression of specific Hh target genes, such as kn.
3.1.
Hyx as novel context-dependent nuclear Hh pathway component kn encodes a Col/Olf-1/EBF (COE) family helix-loop-helixcontaining transcription factor controlling specification of the intervein region between L3 and L4 (Mohler et al., 2000; Vervoort et al., 1999) . Compared to dpp, ptc, and en, the Hhdependent transcriptional regulation of kn is less well analyzed. kn can be induced in the normally Ci-devoid P-compartment by Ci 155 misexpression (Vervoort et al., 1999) . Additionally, cells with amorphic PKA alleles in the wing pouch upregulate kn cell-autonomously when not situated close to the D/V compartment boundary, while ptc loss of function clones induce kn expression irrespective of their location in the anterior wing pouch (Glise et al., 2002) . Unfortunately, these findings do not allow us to draw an unambiguous picture of kn control by Ci at the A/P boundary, as no study involved complete ci loss of function. However, in the developing wing pouch, the expression of kn is clearly induced by highest Hh output (Vervoort et al., 1999; reviewed in Hooper and Scott, 2005) . The selective effect of Hyx impairment on kn expression suggests that Hyx is a context-dependent co-factor of Ci required for selective target genes.
One potential caveat is that the hypomorphic allele hyx
EY6895
, which was used in most of the experiments, does not reduce Hyx levels sufficiently to detectably affect expression of lower threshold targets such as ptc or dpp. Arguing against this is that ptc expression was also not affected in a stronger hyx loss of function situation using the hyx 2 allele (data not shown). Interestingly, Hyx is not the first reported seemingly target gene-restricted Ci co-factor. The Mediator complex subunits Skuld (Skd) and Kohtalo (Kto) are involved in the control of cell affinity-regulating genes by Ci 155 , yet not ptc and dpp transcription (Janody et al., 2003) . It remains to be seen if Skd or Kto are also involved in kn control and if they directly interact with Ci. In contrast, the histone acetyl-transferase CBP is required for ptc expression and has been suggested to be an obligate Ci 155 partner, but in-depth genetic analysis is hampered by its broad involvement as general transcriptional co-factor (Akimaru et al., 1997) . Together with our results, these findings strongly suggest that during development, Ci 155 assembles differential sets of co-factors dependent on the respective target gene context.
3.2.
Does Hyx overexpression block Ci 75 activity by inhibiting co-repressor recruitment in a dominant-negative manner?
When we analyzed Hyx overexpression in genetic systems sensitized for Hh signaling, we found that Hyx partially counter-acts the strong effect caused by ptc misexpression on the developing wing. Anticipating a nuclear function together with Ci, we subsequently assayed for an effect on phenotypes mediated by direct Ci overexpression. We found that Hyx severely attenuated the effects of Ci 75 overproduction, but had no effect on overexpressed Ci PKA or overexpressed wild-type Ci, which only shows transactivating activity upon Hh input (Fig. 5A-C and data not shown). We interpret this finding as an indication that overexpressed Hyx dominant-negatively interferes with the repressive activity of overexpressed Ci 75 . Surplus Ci 75 may act primarily by occupying the promoters of Hh target genes, and overexpressed Hyx interferes with this property. In contrast, in a wild-type situation the negative activity of endogenous Ci 75 may be mediated by the binding of repressive co-factors. This binding is not effectively competed off by additional Hyx, explaining the lack of a detectable effect in a wild-type background.
Cooperativity of Ci domains
Region 1 of Ci/Gli has never revealed any autonomous transactivation potential when tethered to DNA, in contrast to C-terminal Gli fragments (Kalff-Suske et al., 1999; Sasaki et al., 1999) . Parafibromin/Hyx binding to Region 1 would not necessarily stimulate transcription on its own, as DNAtethered Hyx shows no detectable transactivation effect (data not shown), suggesting that it is not sufficient for triggering RNAPII-mediated transcription. Instead, in agreement with our results, the recruitment of Hyx to Hh target genes by binding to Region 1 probably helps to ensure efficient reoccurring transcription. This function might be particularly important for certain genes induced at high Hh levels and might involve particular chromatin modifications dependent on the PAF1 complex.
Region 1 is also the minimal interaction site for Su(fu) (Pearse et al., 1999) . While competitive Su(fu) binding is an intriguing possibility, we favor the idea of consecutive binding since Parafibromin/Hyx appears to be principally required for high signal output -conditions under which, due to Fu action, Su(fu) binding is believed not to occur (Croker et al., 2006; Methot and Basler, 2000; Murone et al., 2000; Wang et al., 2000) . Su(fu) plays a critical negative regulatory role in the Hh pathway, especially in mammals (Varjosalo et al., 2006; Svard et al., 2006) . How this factor functions is unclear, but it may regulate Gli processing, act as a co-repressor, and/or regulate Gli/Ci localization. The finding that positive and negative regulators bind to Region 1 may explain why its deletion in Ci only had a minor effect (Croker et al., 2006) .
In Wnt/Wg signaling, Parafibromin/Hyx seems to participate in a sequence of co-factor exchanges that occurs on bcatenin/Armadillo (Mosimann et al., 2006) . This potentially reflects the need for priming chromatin remodeling steps before PAF1 complex function. Interestingly, b-catenin/Arm has overlapping binding sites for its co-activators such as CBP, Brg-1/Brahma (Brm), and Parafibromin/Hyx (reviewed in Stä -deli et al., 2006; Willert and Jones, 2006) . This contrasts with Gli/Ci, on which we found that Parafibromin/Hyx occupies a different binding site than CBP. Gli/Ci therefore could organize multiple recruitment steps for auxiliary components via separate domains rather than solely by sequential binding (Fig. 6H) .
Considering the impact of Hyx impairment on the analyzed Hh target genes in vivo, combined with the overexpression data and RNAi results, we predict that Parafibromin/Hyx is a factor involved in maximal Gli/Ci target gene induction. Parafibromin/Hyx, as part of the PAF1 complex, could implement efficient RNAPII control at Hh target genes when sustainable transcriptional induction is needed. On other targets, such as ptc, this process might be redundant with other ways to guide RNAPII. One possibility could be recruitment of the PAF1 complex by a module other than Parafibromin/Hyx, or potentially even via another transcription factor that binds in the vicinity of the Gli/Ci binding site.
4.
Materials and methods
Fly stocks
Crosses were raised at 25°C. Stocks used were UAS-ci 75 , UAS-ci PKA , UAS-ptc (Methot and Basler, 1999) ; dpp-lacZ, y + -marked UAS-GFP NLS , salE-Gal4, EP-hyx (P9) and UAS-hyx are as described previously (Mosimann et al., 2006) . All stocks and insertions not listed here are available from the Bloomington stock center.
Clonal analysis and immunohistochemistry
For clonal analysis, yw hsp70-flp; FRT82B2, hyx EY6898 /TM6b was crossed to yw hsp70-flp; FRT82B2, ubi-GFP that featured the CyO-balanced dpp-lacZ insertion (as b-Gal reporter) or were wild-type (for anti-En, anti-Ptc and anti-Kn/Col immunostainings) on the second chromosome. Larvae of these crosses were heat-shocked 48-72 h after egg laying at 37.5°C for 45 min. 3rd instar larval tissue was stained according to standard procedures using mouse anti-b-Gal (1:2000, Promega), mouse anti-En/Inv (1:20, DSHB), mouse anti-Ptc (1:100, Developmental Studies Hybridoma Bank), or mouse anti-Kn/ Col (1:400, a kind gift from M. Crozatier and A. Vincent). Goat secondary antibodies used were Alexa 594 -coupled (1:400, Molecular Probes).
Vectors and constructs
hGLI1 and hGLI3 constructs, expressing N-terminally HA and C-terminally Myc-tagged proteins, were as previously described (von Mering and Basler, 1999) and cloned into pcDNA3. The CMV-mGLI2-V5 expression construct was a generous gift from M. Varjosalo and J. Taipale. Ci-expressing constructs were as described previously (Methot and Basler, 1999) . HRPT2 and hyx constructs are as used previously (Mosimann et al., 2006) . CMV-EGFP was cloned by PCR and ligation into pcDNA3. pGLI-Luc has been described previously (Taipale et al., 2000) , CMV-RL was obtained from Promega. Detailed descriptions of all constructs are available on request.
4.4.
S2 cell culture S2 cells were propagated at room temperature. S2 cell stable lines were propagated in 1· Schneider's Drosophila medium (Invitrogen) with 10% FBS + 1% P/S and supplemented with 200 lg/ml hygromycin (Roche Molecular Biochemicals) and/or 100 lg/ml blasticidin (Invitrogen). The S2 Hh reporter cells were stably transfected with tub-Ci (to restore transcriptional responsiveness), ptc-luc (Chen et al., 1999) , tub-Renilla luciferase, and pMT-hhN (expression of HhN induced by addition of 500 lM CuSO 4 ). Standard protocols for transfection and the generation of stable cell lines were utilized as detailed in the Drosophila Expression System manual (Invitrogen). RNAi in S2 cells was performed as per the procedure published by the Dixon laboratory (Worby et al., 2001 ).
4.5.
Mammalian cell culture experiments
For GLI-Luc assays, HEK 293T cells were seeded at a density of 2-2.5 · 10 5 cells/ml in DMEM/10% FCS + 1% P/S and transfected 24 h later with a total of 1.25 lg plasmid DNA per ml of medium using the Calcium Phosphate transfection method (0.5 lg pGLI-Luc, 0.25 lg CMV-RL, 0.25 lg GLI expression construct, plus 1% of CMV-EGFP-C1 as transfection control). In siRNA experiments, 3 lg siRNA per ml of medium was additionally co-transfected. After over-night incubation, the medium was replaced and transfection efficiency determined by fluorescence microscopy for EGFP activity. Cells were harvested 72 h after transfection. Dual-Luciferase assays were performed as described below. The detailed siRNA sequences are available upon request.
Protein interaction studies
Radioactively labeled proteins for GST pulldowns were generated with the T7 TNT kit (Promega), GST pulldowns were performed as previously (Methot and Basler, 2000) . Samples were analyzed on NuPAGE gels (Invitrogen).
For immunoprecipitation experiments, 10.5 cm dishes seeded with HEK 293T cells (2 · 10 6 ) were transfected as described above. For all immunoprecipitations, cells were lysed in NP-40 lysis buffer (Rozenblatt-Rosen et al., 2005) , the lysates cleared by centrifugation and subsequently used for precipitation experiments (275 ll lysate, 30 ll Protein-A Sepharose (Amersham Biosciences), 1-2 lg antibody (or 2 lg GST-fusion protein-coupled Sepharose plus Glutathione Sepharose (Amersham Biosciences)). After 2 h incubation at 4°C and 3· washing with NP-40 lysis buffer, pulldowns were analyzed on NuPAGE gels (Invitrogen). Antibodies used included mouse HA-11 (BAbCO) and rabbit anti-Parafibromin (BL648 and BL649, Bethyl Labs).
4.7.
Luciferase assays Cells were lysed in Passive Lysis Buffer (Promega). Lysates were analyzed by a Wallac 1420 Victor 2 luminometer (Perkin Elmer) to measure the Dual-Luciferase activities using the Promega Dual-Luciferase reporter assay system.
